Abstract -Potential performance improvements due to optical designs with higher acceptance angles in systems such as those being developed for the microsystems enabled photovoltaic (MEPV) program are investigated. Higher acceptance angles may be achieved with non-imaging approaches for the concentrating optics. For moderate concentrations of ~100X, calculations based on the angular and spectral distributions of aerosol-scattered light show an improvement of ~0.4-2.3% in the annual average energy produced by increasing the acceptance angle from 2 o to 5 o , depending on the atmospheric conditions and location of the site under consideration. This performance improvement is mainly due to the larger amount of energy available in the wider cone due to forward scattering from aerosols. There is also a marginal improvement in the efficiency of the cells and modules under the spectra at the wider acceptance angle.
I. INTRODUCTION
Concentrator photovoltaic systems (CPV) harvest predominantly direct solar radiation for collection and subsequent conversion to electricity. However, there is a significant amount of sunlight that is available in diffuse form. While it would be theoretically impossible to capture all of this sunlight by an optical design that achieves a modestly high concentration of say, 100X, there is a significant possibility that there would be competing designs that could achieve higher acceptance angles (cone half angle) in the range of 2 o -10 o . Microsystems enabled photovoltaics (MEPV) is one such technology that could allow the use of optical concentrators that have higher acceptance angles [1] .
In this paper, we quantify the amount of solar radiation present within small fields of view (acceptance angles less than 10 o ) and the potential performance improvement that can be achieved by capturing the same for energy production in CPV. The SMARTS program, which models aerosol scattering and water vapor absorption of solar radiation [2] , is employed to generate the solar spectra obtained within cones of various acceptance angles under various atmospheric conditions [3] . The resultant spectra are used to compute cell efficiencies for a 4-cell multi-junction cell of the kind that are expected to be used in MEPV [1] . The annual average energy produced by the different designs at various locations around the world is computed based on the results from the previous step. This analysis therefore quantitatively indicates the range of possible performance improvement.
II. EFFECT OF ATMOSPHERIC VARIABLES ON SOLAR SPECTRA
The SMARTS program is used to generate the spectral data for our analysis, assuming cloudless conditions. CPV systems are typically considered suitable for locations with an annual average daily Direct Normal Irradiance (DNI) of about 6 kWh/m 2 -day or greater [4] . Aerosol Optical Depth (AOD), Precipitable Water (PW) and Elevation are the parameters that have the greatest influence on the spectra under cloudless conditions [5] . Some examples of atmospheric variables at various locations that are considered suitable for concentrator PV are given in Table I . It is observed from Table I that there is considerable variation in all three of the important parameters at the CPV suitable locations. To illustrate the effects of the different parameters on the solar spectrum, in Figure 1 we compare the spectra at a few example locations to the standard ASTM-G173 AM1.5D spectra [6] . All the spectra were calculated at AM1.5 with an acceptance angle of 2.9 o using the annual average values of the atmospheric variables at the respective locations. The ASTM-G173 AM1.5D standard spectrum is defined at an AOD value of 0.084, PW value of 1.4164cm and an elevation of 0m. We can clearly see the different manner in which AOD and PW affect the solar spectra. PW mainly affects the spectra in specific absorption windows while AOD affects the entire spectra, esp. the shorter wavelengths.
The two locations (Izana and Kuwait) that have lower PW than the standard value show peaks in the absorption windows indicating lower absorption due to lower levels of water vapor. The two locations (Kaashidhoo and Bahrain) that have higher PW than the standard value show valleys in the absorption windows indicating higher absorption due to higher levels of water vapor.
The location (Izana) that has lower AOD than the standard value shows a positive change at all wavelengths. The three locations (Kaashidhoo, Bahrain and Kuwait) that have higher AOD than the standard value show a negative change at all wavelengths (except in the regions where the effect of PW dominates) and the loss is more significant at shorter wavelengths. This indicates that shorter wavelengths are scattered more strongly by aerosols.
Higher elevations are expected to lead to an increase in the solar radiation [5] , however, the effect is small and hence, difficult to observe in these example spectra.
III. EFFECT OF ACCEPTANCE ANGLES ON SOLAR SPECTRA
We now analyze how the solar spectra changes within cones-of various acceptance angles under various atmospheric conditions. The solar spectra are calculated within acceptance cone angles of 2 o , 5 o and 9.5 o , centered on the solar disk. We consider various combinations of AOD, PW and elevation. We consider two cases of AOD, 0.084 & 0.500, corresponding to a clear sky and hazy sky respectively. We consider PW values of 0.470, 1.416 and 4.250 corresponding to dry, average and humid conditions. We consider two elevations of 0m and 1500m. Various air mass (AM) values are considered to study the effect of path length on the spectra. The integrated power per unit area in the solar spectra from 300nm to 1700nm under various conditions is given in Table II. As expected, the impact of increasing the acceptance angle is more pronounced in the higher AOD cases as there is more diffuse light in those cases due to the increased scattering caused by the larger aerosol content. Also, the effect of increasing acceptance angle is more pronounced at higher AM values as the fraction of diffuse radiation in the total radiation is larger at higher AM values due to the increased scattering during the longer path.
Higher levels of PW also improve the impact of increasing the acceptance angle although the effect is much smaller than the effect of AOD. Higher elevations improve the impact of increasing the acceptance angle in the high scattering cases (i.e. high AOD and AM, or very high AM), while degrading the impact of increasing the acceptance angle in the low scattering cases (i.e. low AOD or AM). However, the magnitude of the effect of changes in elevation is even smaller than the effect due to change in PW.
A wavelength dependent analysis of the results is performed to examine how different wavelengths are affected by the increase in acceptance angle. The percentage increment in solar radiation from the base case of 2 o acceptance angle to 5 o and 9.5 o vs. wavelength is plotted in Fig. 2 . It is apparent from Fig. 2 that the increase in solar radiation with the increase in acceptance angle is more significant at shorter wavelengths -indicating that there is a pronounced increase in scattering with decreasing wavelength within the narrow cone angles around the solar disk.
IV. CELL EFFICIENCIES UNDER VARIOUS CONDITIONS
We now consider a 4-junction cell having the following layers with their respective band gaps at efficiency of this cell is calculated under the various spectra obtained earlier by using ideal-balance equations [7, 8] . The thickness of each of the sub-cell layers is assumed to be 3 μm to achieve near-complete absorption above the band gaps and hence, high efficiencies. A concentration of 100X and an operating temperature of 40 o C are assumed for the system. Light reflection and intercell losses are neglected.
We report the "total efficiency", i.e. the efficiency obtained by adding the power output of each of the four sub-cells and dividing by the total input power. The input and output powers are both defined as their respective integrated powers over the 300nm to 4000nm wavelength range. A "series/parallel module approach" is shown to closely follow this "total efficiency" under various conditions as opposed to a standard series connection like the kind in a monolithic multi-junction cell which can lead to much lower performance [9] . The efficiency under the various conditions is shown in Table III .
It is observed from Table III that the efficiency increases marginally with the increase in acceptance angle. This marginal increase adds to the increase in received solar radiation with increase in acceptance angle and leads to better performance, or at the very least does not degrade performance due to increase in acceptance angle, provided the "series/parallel module approach" is followed.
In general, the cell efficiencies are poorer in the higher AOD case as compared to the lower AOD case as the cell band gaps have been chosen keeping in mind the standard ASTM-G173 AM1.5D spectrum which has a low AOD value.
Cell efficiency is observed to improve with increasing water vapor content. This is presumably due to the fact that increase in water vapor reduces the energy more significantly in the part of the spectrum that is having energy lower than the smallest band gap as opposed to the energy in the part of the spectrum with energy greater than the smallest band gap. Hence, although the output and input power both reduce, the efficiency improves.
Higher elevations lead to lower efficiencies in almost all cases (except some of the AM6.0 cases). The magnitude of the change in efficiency due to elevation is quite small, <0.1% absolute. On the whole, other than extreme cases of high AOD and AM6.0, the total cell efficiencies are all in the range of ~54-60%, which shows the advantage of an approach that aims to closely follow "total efficiencies".
V. ANNUAL AVERAGE ENERGY PRODUCED
The results obtained at various AM values are utilized to calculate the amount of annual average energy produced at different latitudes assuming the low and high values of AOD previously used. The AM number is calculated at intervals of 10 minutes during the sunshine hours of each day during the year. This calculated AM number is used to calculate the output power based on the solar radiation power and cell efficiency results from the previous sections via interpolation. This output power is subsequently multiplied by one-sixth of an hour and added to a running sum. This sum over the year gives the annual average energy produced. The results are given in Table IV. We can see that there is a performance improvement of ~0.4-2.3% by increasing the acceptance angle from 2 o to 5 o . The percentage increase in annual energy production at higher acceptance angles is higher for the high AOD cases as the proportion of diffuse radiation is larger in those cases. There is a very small increase in the percentage increase with increasing PW levels and there is hardly any effect of elevation changes on the percentage increase.
At a given location with a system with a fixed acceptance angle, an increase in AOD from 0.084 to 0.500 causes a ~33-43% reduction in annual energy production. Tripling of the water vapor content causes a ~4.5-7.5% reduction in energy produced over the year. Increase in elevation from 0 to 1500m causes an increase of ~2.5% in annual energy production. A change in latitude from 5 o to 35 o causes a decrease of ~6-11% in energy produced over the year.
As previously shown in Table I , there are locations with various combinations of AOD, PW and elevation that have high DNI. This is due to the fact that these effects are superimposed with the effect of latitude in deciding the duration and path length of sunlight and the effect of local weather and climatic conditions on cloud cover. Hence, there is a wide variety of locations with high DNI and there is a small but significant performance improvement in improving the acceptance angle at all locations.
VI. CONCLUSIONS
We have shown that we can achieve a ~0.4-2.3% improvement in annual average energy produced by increasing the acceptance angle from 2 o to 5 o . We have not considered the effect of cloudiness on the performance here. It is expected that it would further increase the diffuse component of the radiation and hence would widen the gap between performance of the wider acceptance angle system and narrower acceptance angle system further.
Advanced design and fabrication of cost-effective optical concentrators are required to achieve sufficiently high acceptance angles without reducing the concentration ratio. But if it can be done we have shown the potential for improvement in performance possible. Increased acceptance angles can also lead to reductions in system cost by reducing the requirements on tracker accuracy, thereby increasing the cost effectiveness of the system.
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